In this paper, we demonstrate experimentally a thulium-doped passively modelocked figure-of-eight fiber laser to generate dissipative-soliton-resonance (DSR) pulses in an all-anomalous-dispersion regime. And two different DSR pulses are obtained by simply adjusting the polarization controllers. At maximum pump power of 2.4 W, the average power and repetition rate of two DSR pulses is 113.5 mW and 2.532 MHz respectively, corresponding to a pulse energy of 45 nJ. Subsequently, the effect of NALM length on the two DSR pulses is investigated, and pulses with maximum pulse energy of 63 nJ near 2 μm are obtained.
Introduction
Thulium-doped fiber lasers working near 2 μm have been widely applied in medicine [1] , supercontinuum generation spanning from 2 μm to 5 μm [2] , optical parametric generation in the mid-infrared region [3] , remote sensing [4] , biology [5] . In most mentioned applications, high energy and high intensity have been desirable for the output pulses. However, the energy and intensity of pulses generated by fiber lasers are typically limited by unfavorable nonlinear distortion and multi-pulse instability [6] . Thus, scaling up the pulse energy of the fiber lasers directly in a simple system have attracted much attention in recent years.
In 2008, Chang et al. theoretically proposed dissipative soliton resonance (DSR) in fiber lasers by solving the complex cubic-quintic Ginzburg-Landau Equation [7] , whose pulse energy could increase without limit by deliberately selecting the equation's input parameters. Furthermore, more reports have revealed that DSR also existed in anomalous and normal regime by balancing the gain and loss in the dissipative system [8] - [10] , which has been a theoretical foundation for subsequent experiments. In 2009, Wu et al. firstly reported on the generation of DSR pulses in an all-normal-dispersion erbium-doped fiber laser [11] . In 2010, DSR mode-locked pulses by nonlinear polarization rotation in anomalous dispersion regime erbium-doped fiber laser further were reported by Li et al. [12] . DSR can also be generated in other mode-locking mechanisms, such as nonlinear optical loop mirror (NOLM) and nonlinear amplifying loop mirror (NALM) [13] - [15] . Fiber lasers designed using NOLM or NALM typically have long cavities with figure-of-eight or figure-ofnine shape. As a result, large group velocity dispersion and strong nonlinear effect is introduced, which is beneficial to the mode locking and DSR pulse formation. Therefore, figure-of-eight and figure-of-nine fiber lasers output DSR pulses with large energy. In 2016, Semaan et al. successfully achieved DSR pulse generation in a dual amplifier figure-of-eight double-clad Er:Yb mode-locked fiber laser with 10-μJ pulse energy and 416-ns pulse width [16] . 2.3-μJ pulses were generated in a figure-of-nine double-clad Er:Yb mode-locked fiber laser designed by Krzempek et al. at the same time [17] . Most of DSR pulses previously reported centered 1 μm or 1.5 μm and generated in Yb/Er-doped fiber lasers. By contrast, reports on DSR pulses generated in a Tm-doped fiber laser (TDFL) near 2 μm were limited, e.g., in 2015, Xu et al. reported DSR pulses with 19.51-nJ pulse energy and 6.19-ns pulse width in a figure-of-eight TDFL [18] . Zhao et al. used master-oscillatorpower-amplifier to amplify the 2 μm nanosecond DSR pulse, achieving pulses with average power of 100 W [19] . Most recently, Du et al. reported a high-power Tm-doped double-clad fiber laser with large-energy DSR pulses near 2 μm and the effect of cavity length on DSR pulse were discussed [20] .
In this paper, we report a figure-of-eight TDFL in the anomalous dispersion regime. The nonlinear amplifying loop mirror is introduced to obtain mode locking. And two nanosecond DSR pulses with different characteristics such as pulse width and peak power are obtained alternatively by tuning the polarization controllers in the fiber laser, and the relationship between them is discussed.
Experimental Setup
The experimental setup of the fiber laser is shown in Fig. 1 . Two fiber loops, NALM and unidirectional ring (UR) are connected with a 20:80 fiber coupler. Particularly, all fiber elements in Fig. 1 are optimized for wavelength range of 2 μm in order to improve the performance of the laser.
The left fiber loop of the NALM consists of wavelength division multiplexer (WDM), Tm-doped fiber (TDF), single mode fiber, polarization controller (PC), and coupler. As the gain medium, 4.5-m Tm-doped fiber (LMA-TDF-25/250, Nufern) with a diameter core of 10 μm and doped with 4 wt.% of Tm 3+ is introduced, whose absorption coefficient is 1.5 dB/m at 1570 nm. The TDF is pumped by a 1570-nm laser and the pump light is injected into the NALM through a 1570/1950 nm WDM. The position of the TDF is close to the 20% output port of the NALM coupler. 65-m single fiber working near 2 μm (SM1950, Nufern) is used as passive fiber because it could increase the cavity length and enhance the nonlinear effects, which facilitates the mode locking and output DSR pulses. Polarization controller (PC1) of the NALM is used to adjust the polarization state and optimize the appropriate NALM operation mechanism.
The right fiber loop includes an isolator (ISO), a 20% fiber output coupler (OC), a polarization controller (PC2) and 6-m long single fiber (the tail fibers of aforementioned device). The isolator not only forces the unidirectional operation of the right loop but also prevents laser from reflecting to the laser cavity. PC2 of the UR enhances the stability of DSR pulses and optimizes the DSR pulse's characteristics. The total length of the fiber laser is about 81 m, and the dispersion is primarily introduced by TDF and SM1950 fiber. Due to negative group velocity dispersion of both TDF and SM1950 fiber near 2 μm, the net cavity dispersion is negative and estimated to be approximately −6.69 ps 2 .
Experimental Results
The fiber laser oscillates at pump power of 315 mW. While adjusting the polarization controllers in the NALM and UR, we obtain two different mode locked pulses at the pump threshold of 453 mW and 550 mW respectively. Fig. 2 (a) and (b) shows the temporal profile of two pulses at maximum pump power (2.4 W) and the two pulses are designated pulse1 (red) and pulse2 (blue) to simplify the discussion. Fig. 2 (c) and (d) shows the spectra of pulse1 and pulse2, which span from 1932 nm to 1987 nm at the center of 1959 nm, and no more fine structures in the spectrum are observed limited by the optical spectrum analyzer with 5.3-nm resolution (NIRQUEST-256-2.5, Ocean Optics).
Part of the output is injected into a high-speed photodiode with >12.5 GHz bandwith and 28 ps rise/fall time (ET-5000, 2 μm InGaAs PIN Detector, Electro-Optics Technology, Inc.). Fig. 3 shows the pulse trains recorded by a 5 GS/s high speed oscilloscope with 1 GHz bandwidth (MDO 3102, Tektronix) at pump power of 1 W, in which the pulse interval time is determined to be ∼395 ns from Fig. 3(a) and (b) corresponding to a repetition rate of ∼2.532 MHz. Based on the formula f rep = c/(nL ) for the ring cavity, in which f rep is the repetition rate, c is the vacuum light speed, n is the refractive index and L is the cavity length, the repetition rate can be calculated. Considered n = 1.463 and L = 81 m, the repetition rate can be calculated to be 2.532 MHz, which agrees well with the experimental result and the mode locking is confirmed. The long-term pulse trains within 20 μs are illustrated in Fig. 3(c) and (d) , which shows that the intensity of the pulse is stable with very slight fluctuations. Fig. 4 gives the RF spectra of the two mode-locked pulses (E4447A, Agilent), in which the fundamental repetition rate of two pulses is 2.532 MHz as illustrated in Fig. 4(a) and (b), which is consistent with the result derived from Fig. 3 . The signal-to-noise ratio of pulse1 and pulse2 is 65 dB and 60 dB, respectively, which shows the mode locking is very stable. The RF spectra with a wider span of 500 MHz are shown in Fig. 4 (c) and (d), which demonstrate a periodic modulation in amplitude. Analysis shows the modulation frequency is approximately inversely proportional to the pulse width, which is a typical character of DSR pulses.
To investigate the effect of pump power on the output pulses, we increase the pump power from 0.6 W to 2.4 W in 0.2-W steps, and record the temporal profiles, and the result is shown in Fig. 5 . Fig. 5(a) and (b) demonstrate that both pulses are stretched temporally with the increase of pump power and no pulse splitting is observed. However, a noticeable difference between the temporal profile of pulse1 and pulse2 is readily apparent by comparison with Fig. 5(a) and Fig. 5(b) , i.e., when the pump power increases, the temporal intensity of pulse1 clearly declines to the trailing edge but the temporal intensity of pulse2 remains nearly constant.
Changes in the average output power, pulse width, pulse energy and peak power of two pulses as a function of pump power is described in Fig. 6 . In Fig. 6(a) the average power and pulse width increases approximately linearly with pump power. It is noteworthy that the pulse widths of the two pulses are different at the same pump power but their output power and energy are almost equal. When the pump power increases from 0.6 W to 2.4 W, pulse1's width changes from 8.92 ns to 45.22 ns while pulse2's width changes from 3.89 ns to 19.92 ns. By the contrast, the output power of both pulses varies from 20 mW to 113 mW with little difference. Fig. 6(b) shows that pulse energy increases linearly with pump power while the peak power remains almost unchanged. The pulse energy of several tens of nanojoules obviously exceeds conventional soliton's energy limit of 0.1 nJ [21] . Furthermore, the temporal profile of two pulses has two cliffy fronts and a flat top because of a strong peak-power-clamping effect, and pulse width stretches and pulse energy increases with the pump power while the peak power keeps almost unchanged, which is the typical character of DSR [6] , thus the output pulse is reasonably considered to be DSR pulse.
The mechanism of generation two pulses in a same cavity is considered and the laser output state (pulse1 or pulse2) is decided by the saturable absorption of the NALM and the transmission function could be calculated by Eq. (1) [22] 
where ρ, γ, g and L represent the split ratio of the coupler, the nonlinear coefficient, gain coefficient and length of the NALM, respectively. T is the transmission and P is the peak power. In the experiment, pulse1 and pulse2 correspond to different transmission function for different phase dependent on intensity introduced by adjusting polarization controllers. When the pulse is mainly modulated by anti-saturation absorption the pulse is stretched and the peak power is relatively low (output pulse1). Conversely, when the pulse is modulated by positive saturation absorption, it becomes narrow and its peak power is relatively high (output pulse2) [23] . According to Eq. (1), the length of the NALM clearly plays an important role in two DSR pulses generation. Thus, we replace the 65-m long SM1950 fiber in the NALM with 75-m, 85-m and 95-m long fiber and the net cavity dispersion is roughly −7.54 ps 2 , −8.38 ps 2 and −9.23 ps 2 , respectively. The experimental results are shown as follows.
When the length of SM1950 fiber is changed, two stable DSR pulses are still generated. Fig. 7 displays the output powers of pulse1 and pulse2 at different lengths of SM1950 fiber, which still remains linear increase with respect to pump power and the maximum output powers are limited by pump power (2.4 W). Since the transmission loss difference of 65-m to 95-m fiber is negligible rather than fusion loss, the output powers are very close with different length of SM1950 fiber. However, the mode-locking thresholds, as shown in the inset of Fig. 7 (a) and (b), decreases with the lengthening of SM1950 fiber because the significantly rising nonlinearity makes the mode locking operation easier. Fig. 8 shows the effect of SM1950 length on pulse width. It is obvious that the pulse width increases not only linearly with pump power, but also increases with the length of SM1950. The differences of pulse width are attributed to the interaction of nonlinear effect and dispersion of different lengths of fibers, which could be interpreted by the theoretical simulation. The inset figures in Fig. 8(a) and (b) shows the pulse profile of two DSR pulses at different lengths of the SM1950 at pump power of 2.4 W.
At last, the energy and peak power of two DSR pulses are calculated at different pump powers and results are shown in Fig. 9 . With the lengthening of SM1950 fiber, the pulse energy of two DSR pulses increases fast. The highest pulse energy reaches 63 nJ by the limitation of pump power. Pulse energy of tens of nanojoules is relatively high for a fiber oscillator, and it may continue to increase with the increase of pump power, which is an advantage of DSR pulse to obtain high energy pulse. However, the variation of peak power of pulse1 and pulse2 is not significant, which could be seen by comparing the result of 65-m and 95-m fibers. Thus, it could be concluded that the peak power is difficult to increase with pump power or passive fiber length. One possible way to solve this problem is injecting the pulses into an amplifier to improve the peak power of DSR pulses and as a result, high-energy and high-peak-power DSR pulses could be obtained. Another way to improve peak power of DSR pulses is to compress the DSR pulse linearly if possible [24] . 
Conclusion
We report a thulium-doped passive mode-locked figure-of-eight fiber laser to generate two different DSR pulses in an all-anomalous-dispersion regime. The change of output power, pulse width, pulse energy and peak power with respect to pump power and length of passive fiber is investigated experimentally. And the formation of two DSR pulses is discussed theoretically. As a result, DSR pulses with maximum pulse energy of 63 nJ near 2 μm are obtained. The experimental results demonstrate that it is an easy way to obtain stable, high energy DSR pulses in figure-of-eight fiber lasers. The interaction between nonlinearity and dispersion in dissipative systems guarantees the stability and improvement in pulse energy of the DSR pulses. By tuning the polarization controllers to change transmission function, different output states of the DSR pulses can be switched. The experiment also shows that the lengthening of passive fibers is difficult to increase the output power and peak power of DSR pulses, but helps decreasing the mode-locking threshold and increasing the pulse energy remarkably. This high energy and low peak power laser source work near 2 μm is suitable for some medical treatments. Furthermore, high energy with high peak power laser could be expected after amplification and be used for more application fields.
